Pseudosuchia, one of the two main clades of Archosauria (Reptilia: Diapsida), suffered a major decline in lineage diversity during the Triassic-Jurassic (TJ) mass extinction (approx. 201 Ma). Crocodylomorpha, including living crocodilians and their extinct relatives, is the only group of pseudosuchians that survived into the Jurassic. We reassess changes in pseudosuchian morphological diversity (disparity) across this time interval, using considerably larger sample sizes than in previous analyses. Our results show that metrics of pseudosuchian disparity did not change significantly across the TJ boundary, contrasting with previous work suggesting low pseudosuchian disparity in the Early Jurassic following the TJ mass extinction. However, a significant shift in morphospace occupation between Late Triassic and Early Jurassic taxa is recognized, suggesting that the TJ extinction of many pseudosuchian lineages was followed by a major and geologically rapid adaptive radiation of crocodylomorphs. This marks the onset of the spectacularly successful evolutionary history of crocodylomorphs in Jurassic and Cretaceous ecosystems.
Introduction
Pseudosuchia is one of the two major subdivisions of Archosauria [1, 2] , along with the 'bird-line archosaurs' Avemetatarsalia (which includes dinosaurs, pterosaurs and birds). Early pseudosuchians, the 'crocodile-line' archosaurs (crocodilian stem-lineage), have often been characterized as the potential competitors of early dinosaurs during the Late Triassic [3, 4] , approximately 235-201 Ma. The high morphological diversity and species richness achieved by Triassic pseudosuchians suffered dramatically during the Triassic-Jurassic (TJ) extinction (one of the 'big five' Phanerozoic mass extinctions), with only one lineage surviving into the Jurassic, the Crocodylomorpha. However, a reported dramatic decrease in pseudosuchian morphological diversity (disparity) in the Early Jurassic [5] has been proposed to be potentially an artefact of low sample sizes and incomplete taxonomic sampling [6] . In order to test previous hypotheses of pseudosuchian disparity decline across the TJ boundary [5] , we compiled a new dataset with substantially increased taxon sampling among Early Jurassic taxa.
Here, we provide evidence that pseudosuchian disparity in the Early Jurassic equalled that of the Late Triassic when corrected for sample size differences, and that the TJ extinction was followed by a geologically rapid adaptive radiation of crocodylomorphs. This radiation marks the beginning of the spectacular evolutionary history of crocodylomorphs in post-Triassic Mesozoic ecosystems, which saw the clade evolve an astonishing range of body sizes, habitats and niches [7, 8] .
Material and methods
Our dataset combines four morphological cladistic studies [1, 2, 9, 10] The dataset were transformed using the software MATRIX [11] to derive a Euclidean distance matrix, which was then subjected to principal coordinates analysis (PCoA) in the multivariate package GINKGO [12] using a Calliez negative eigenvalue correction. PCoA produced a taxon-defined empirical morphospace (figure 1). PCoA outputs were analysed using the program RARE [11] to produce the disparity metrics and rarefied disparity profiles. Four disparity metrics were calculated: the sum and product of the ranges and variances on the first 26 axes, which encompass 90 per cent of the cumulative variance. Bootstrapping re-sampling was carried out with 1000 replicates and 95% CIs were used to assess statistical significance of differences in disparity between time bins and taxonomic groupings. Rarefaction profiles were reconstructed using a minimum of five taxa (in all analysis except for disparity within Crocodylomorpha, where a minimum of three was used owing to an overall smaller sample size), and a maximum corresponding to the total number of taxa being analysed in each run. Range measures indicate the entire spread of morphological variation (morphospace size), whereas variance measures denote average dissimilarity among forms (spread of taxa in morphospace) [13, 14] . Rarefaction curves [15] are used to standardize disparity measures according to sample size, and help visualize the rate at which mean disparity values change with increasing numbers of taxa. In order to assess statistical significance of the separation in morphospace between Late Triassic and Early Jurassic taxa a non-parametric multivariate analysis of variance (npMANOVA [16] ) was used. Calculations were performed in PAST [17] .
Results
Late Triassic species occupy a significantly different area of morphospace from Early Jurassic species, with only a small overlap (figure 1; npMANOVA test, F ¼ 3.827, p ¼ 0.0019*). Early Jurassic taxa occupy a more restricted area of morphospace than do Late Triassic taxa; however, this may be related to sample size differences (12 Early Jurassic taxa compared with 24 Late Triassic taxa) that stem from the relatively small number of fossiliferous terrestrial rock sequences of Early Jurassic age worldwide.
Consistent results were obtained with all four disparity metrics; we present here two of these metrics, the sum of ranges and sum of variances (see the electronic supplementary material for additional results). When complete sample sizes are considered, a significant decrease in disparity from the Late Triassic to Early Jurassic is seen in sum of ranges data (figure 2a,d) for both two-bin and four-bin analyses. These decreases disappear almost completely when rarefaction is used to correct for sample size, and the difference between the Triassic and Jurassic is no longer significant in either analysis (figure 2b,e). No significant differences are observed in the sum of variances for either two-bin or four-bin analyses (figure 2c,f). Comparisons of Late Triassic and Early Jurassic crocodylomorphs show significantly higher disparity for Early Jurassic taxa for both sum of ranges and sum of variances (figure 2g,i). When corrected for unequal sample sizes, the increase in disparity is still visible but is non-significant (figure 2h). Rarefaction profiles show that Jurassic crocodylomorphs are more disparate than Triassic crocodylomorphs at all sample sizes (see the electronic supplementary material), suggesting that this pattern is robust.
Discussion
The most striking result of our study is that, when corrected for sample size, metrics of morphological disparity for pseudosuchians as a whole remain essentially unchanged across the TJ boundary, despite the decimation of the clade at that boundary, with only crocodylomorphs surviving into the Jurassic. However, we also show that Late Triassic pseudosuchian taxa occupy a significantly different area of morphospace from Early Jurassic taxa (with only a small overlap), and that crocodylomorph disparity increases across the boundary. The shift in morphospace indicates that the body plans shown by pseudosuchians changed significantly across the TJ boundary, at least when cranial characters are analysed. This suggests that the lineages of crocodylomorphs that survived the TJ extinction radiated rapidly into different morphologies from those represented by pseudosuchians during the Triassic. Our results contrast with the previous work of Brusatte et al. [5] , who reported that pseudosuchian disparity was significantly lower in the Early Jurassic than in the Late Triassic. It is likely that, as previously proposed [6] , the results reported by those authors are biased by low taxonomic sampling (four Early Jurassic pseudosuchian species in contrast with the 12 analysed here) and exclusion of morphologically divergent taxa such as thalattosuchians.
The highly derived phylogenetic position of the Early Jurassic goniopholid crocodylomorph Calsoyasuchus valliceps (Kayenta Formation of Arizona; [18] ) implies that numerous and substantial missing lineages ('ghost lineages') are present around the base of Crocodylomorpha [9, 18] , supporting the hypothesis that a major crocodylomorph radiation occurred in the earliest Jurassic. Diverse crocodylomorph assemblages have been described from the Early Jurassic of Arizona, China and southern Africa [18] [19] [20] [21] . However, Early Jurassic terrestrial vertebrate assemblages are generally poorly sampled worldwide, and recognition and documentation of this adaptive radiation likely remains incomplete. Furthermore, low sample sizes and poor temporal sampling require the use of relatively coarse time bins in disparity and richness analyses, making it difficult to pinpoint the exact timing of a pseudosuchian extinction and subsequent crocodylomorph radiation. Nevertheless, our documentation of both a significant shift in pseudosuchian morphospace occupation, and an increase in crocodylomorph disparity across the TJ boundary is consistent with a geologically rapid adaptive radiation of crocodylomorphs potentially triggered by the TJ decimation of pseudosuchian and other tetrapod lineages.
Our results support the hypothesis that the impact of the TJ extinction on some vertebrate groups was relatively shortlived and that for some clades the main extinctions were closely followed by new evolutionary radiations, which allowed the disparity of affected groups to recover. For pseudosuchians, any impact of the end-Triassic extinction on measures of disparity was apparently short-lived, by contrast with the marine ichthyosaurs in which disparity was severely reduced and never recovered to pre-extinction levels [22] . In both cases, however, there were significant shifts in morphospace occupation across the TJ boundary. Dinosaur disparity appears to have been largely unaffected by the TJ extinction [5] , and no change in disparity of pterosaurs has been detected (although this may be an artefact of a large gap in Early Jurassic taxon sampling [23] ). In summary, the impact of the TJ extinction on vertebrates appears to have been complex and clade specific, but for some clades such as crocodylomorphs the extinction may have played a critical role in triggering their subsequent evolutionary success.
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